A cDNA encoding a putative RNA and/or DNA helicase has been isolated from Arabidopsis thaliana cDNA libraries. The cloned cDNA is 5166 bases long, and its largest open reading frame encodes 1538 amino acids. The central region of the predicted protein is homologous to a group of nucleic acid helicases from the DEAD/H family. However, the N-and C-terminal regions of the Arabidopsis cDNA product are distinct from these animal DEIH proteins. We have found that the C-terminal region contains three characteristic sequences: (i) two DNA-binding segments that form a probe helix (PH) involved in DNA recognition; (ii) an SV40-type nuclear localization signal; and (iii) 11 novel tandem-repeat sequences each consisting of about 28 amino acids. We have designated this cDNA as NIH (nuclear DEIH-box helicase). Functional characterization of a recombinant fusion product containing the repeated region indicates that NIH may form homodimers, and that this is the active form in solution. Based on this information and the observation that the sequence homology is limited to the DEAH regions, we conclude that the biological roles of the plant helicase NIH differ from those of the animal DEIH family.
INTRODUCTION
Nucleic acid helicases unwind double-stranded DNA and RNA molecules and are involved in diverse cellular functions, such as DNA replication, repair and recombination, RNA splicing, initiation of translation, and cell growth and division (reviewed in 1,2). Helicases have been identified in organisms ranging from Escherichia coli to humans, viruses and plants. These proteins can be grouped into families based on sequence homologies. For instance, the 'DEAD-box' family is characterized by the amino acid sequence D-E-A-D in motif II of seven highly conserved motifs (I, Ia, II, III, IV, V and VI). The 'DEAH-box' family invariably contains D-E-A-H in motif II and has a longer C-terminal region than DEAD-family proteins.
Among members of the DEAH family, five proteins carry the sequence DEIH instead of DEAH in the signature sequence of motif II. These include human RNA helicase A (RNHA) (3), mouse RNA helicase A (4), bovine DNA helicase II (NDH II) (5) , Drosophila MALELESS (MLE) (6) and Arabidopsis putative RNA helicase (HVT1) (7) . The animal DEIH proteins all have NTPase and helicase activities (8) (9) (10) and share structural features, including glycine-rich sequence repeats at their C-terminus and two double-stranded RNA-binding domains (dsRBDs). The dsRBDs were first identified as repeats of 65-68 amino acids conferring non-specific RNA binding on the human double stranded (ds) RNA-activated protein kinase, DAI (11) , the product of the Drosophila gene staufen (12) and the Xenopus RNA-binding protein, xlrbpa (12) . Recently, it has been demonstrated that the dsRBDs from the human RNHA have a strong affinity for dsRNA, while the Gly-rich repeated region of this protein binds preferentially to single-stranded (ss) DNA (13) .
In general, DNA and RNA helicases are active as oligomers, such as dimers or hexamers (14) (15) (16) (17) (18) (19) . Such oligomeric structures play an important role in providing the helicases with multiple DNA/RNA binding sites. However, active forms of human RNHA (8) , bovine NDH II (9), a human DEAD helicase p68 (20) and a vaccinia DExH helicase NPH-II (21) are monomeric. By analogy, it is likely that other animal DEIH proteins also function as monomers. These monomeric or putative monomeric RNA helicases have dsRBDs or domains matching dsRBDs outside the DEAD/DExH domains. Gibson and Thompson have proposed that the presence or absence of such extra RNAbinding domains should allow classification of DEAD/DExH proteins as monomeric or oligomeric helicases (22) . However, it has been more recently reported that some proteins having the dsRBDs, including the protein kinase DAI, a dsRNAdependent protein kinase (PKR), and a trans-activating region binding protein (TRBP), must form dimers to be active (23) (24) (25) .
In contrast to the characterized animal DEIH helicases, little is known about the plant DEIH helicase HVT1. Specifically, the intracellular location of HVT1 and its capacity to bind *To whom correspondence should be addressed. Tel: +81 54 264 5582; Fax: +81 54 264 5584; Email: hirokazu@u-shizuoka-ken.ac.jp DNA or RNA molecules have not been investigated. No biological function of the HVT1 gene has been identified because null mutants of the HVT1 gene do not exhibit any abnormal phenotypes (7) . However, this may be due to the presence of a gene compensating for HVT1 function. In this paper, we describe an Arabidopsis gene, NIH (nuclear DEIH-box helicase), that encodes a putative helicase with a DEIH sequence in motif II. The NIH gene product shares high sequence similarity with DEIH proteins in the helicase region between motifs I and VI. Plant and animal helicases show no sequence homology at two additional domains that are conserved in animal DEIH proteins (the dsRBDs and the Gly-rich repeats). At the C-terminal region of NIH we have identified 11 tandem repeats and two basic residue-rich sequences that function as a DNA-binding segment, but differ from the Gly-rich repeat and the dsRBD, respectively. Furthermore, the C-terminal sequence of NIH is nearly identical to the nuclear localization signal (NLS) of SV40 T-antigen. We demonstrate that (i) this sequence can function as an NLS, (ii) the basic amino acid-rich sequences are likely DNA-binding domains, and (iii) the tandem repeats may be involved in dimerization.
MATERIALS AND METHODS
The cDNA is named NIH and its accession number is D84225.
Plant materials
Arabidopsis thaliana ecotype Columbia was grown for 5 weeks on vermiculite at 22°C under 16 h light/8 h dark conditions.
Preparation of nucleic acids
Total cellular DNA and RNA were extracted from leaves with cetyltriethylammonium bromide (CTAB) (26) and with 4 M guanidinium thiocyanate (27) , respectively. A poly(A) + RNA fraction was isolated using an Oligotex-dT30 kit (Takara, Otsu, Japan). These nucleic acids were used to make a cDNA library and for Southern and northern hybridization.
DNA probes
Two oligonucleotides, 5'-AGCTTGGTTGACACGAGTATA-TAAGTCATGTTATACTGTT-3' and 5'-AGCTAACAGTA-TAACATGACTTATATACTCGTGTCAACCA-3', were synthesized and annealed to generate a dsDNA. The 5'-ends of the dsDNA were phosphorylated using T4 polynucleotide kinase (NEB) and then the dsDNA was concatenated with T4 DNA ligase (NEB). The concatemer DNA (1 µg) was labeled with [α-32 P]dCTP (ICN; 3000 Ci/mmol) by nick translation and purified with a NICK Column (Pharmacia). DNA fragments used for DNA-binding specificity experiments were end-labeled with [γ-32 P]ATP (NEN; 3000 Ci/mmol) using T4 polynucleotide kinase.
Molecular cloning
Protein filters were prepared as described (28) with the following modifications. Expression screening was done twice with E.coli strain XL1-Blue and a λ ZAP-cDNA library from A.thaliana roots (a gift from Dr Yasuo Niwa) as follows. Replica filters were prepared from 10 plates (4 × 10 4 p.f.u. each) and immediately immersed in 200 ml of blocking buffer [5% (w/v) skim milk powder, 10 mM Tris-HCl (pH 8.0), 40 mM KCl, 1 mM EDTA and 0.5 mM DTT]. The filters were incubated in blocking buffer for 60 min at room temperature with gentle shaking, and washed twice for 5 min each with 300 ml of binding buffer [10 mM Tris-HCl (pH 8.0), 40 mM KCl, 1 mM EDTA and 0.5 mM DTT]. The filters were transferred to 80 ml of binding buffer containing heat denatured salmon sperm DNA (final concentration 10 µg/ml) and 0.5 µg of labeled concatemer DNA, then incubated for 90 min at room temperature with gentle shaking. The filters were washed three times for 10 min each at room temperature with 500 ml of binding buffer. After drying, filters were placed on Konica X-ray film at -70°C for 2-3 days with an intensifying screen. One positive clone, designated pADB1, was recovered by in vivo excision from λ phage DNA. This cDNA clone was sequenced using a 373A DNA Sequencer (Applied Biosystems).
To obtain a longer cDNA than the original clone, a new cDNA library from Arabidopsis leaves was made using a λ ZAP-cDNA Synthesis Kit (Stratagene). This library was subsequently screened with the 5'-side of the cloned cDNA (NsiI-XhoI fragment) essentially as described (28) . One of the positive clones sequenced was designated pADB2.
Hybridization of nucleic acids
Total cellular DNA (8 µg) from Arabidopsis was digested with restriction enzymes and electrophoresed in 0.8% agarose gels. Poly(A) + RNA (3 µg) was electrophoresed in 1% agarose gels containing 0.66 M formaldehyde (28) . Nucleic acids were transferred to nylon membranes (Hybond+, Amersham) with 0.4 N NaOH for DNA and with 0.05 N NaOH for RNA. Hybridizations were performed as previously described (29) .
Plasmid constructs
The pADB1 construct was digested with NdeI and HpaI to eliminate the repeated region, or with PstI and NdeI to retain the repeated region, then blunted using T4 DNA polymerase (NEB), and subjected to self-ligation to produce pN-Nde and pNde-C, respectively (Fig. 6) . The pNhe-C construct was prepared by digesting pNde-C with XbaI at the 5'-cloning site and NheI in the insert, followed by blunting and self-ligation. The XbaI/NheI blunting ligation site was confirmed by the presence of a reproduced NheI site. The construct pNhe-Bam was derived from pNhe-C digested with BamHI and HpaI, followed by blunting and self-ligation. To construct pBst-Bst, the BstXI fragment from pADB1 was first blunted and inserted into the SmaI site of pBluescript KS (Stratagene). The resulting product was then digested with NcoI whose site was generated at the 5'-BstXI/ SmaI ligation site and, after blunting, was cut with XhoI at the 3'-cloning site. Finally, the NcoI (blunted)-XhoI fragment was cloned into pBluescript SK digested with SmaI and XhoI. The NcoI (blunted)/SmaI ligation site was confirmed by the presence of a NcoI site. The pBst-Bam construct was derived from pNhe-Bam digested with SacI at the 5'-cloning site and BstXI, blunted and self-ligated. The expected ligation was confirmed by sequencing. These truncated cDNA clones were driven by the lac promoter.
To make β-glucuronidase (GUS) fusion constructs used for transient expression experiments, an oligonucleotide, 5'-ATT-CTCGAGATCTGATTGTTTGCCTCCCTGCTG-3', was synthesized. The synthetic DNA added potential XhoI and BglII sites on the 5'-side of the construct and replaced the stop codon of the GUS gene with a codon for serine. The 35S CaMV promoter-GUS fragment was amplified by PCR from pBI221 (Clontech) with the above and M13 reverse primers. The product was cleaved at a HindIII site at the 5'-cloning site and at the XhoI site in the synthesized primer, then inserted into pBluescript KS digested with HindIII and XhoI (p35S-GUS). The 35S promoter-GUS fragment was excised from p35S-GUS with NotI and BglII, inserted into pADB1 digested with NotI at the 3'-cloning site and with BamHI at the insert site to produce a GUS-NLS fusion construct.
A fusion construct composed of maltose binding protein (MBP) and the repeated region of the pADB1 product was made as follows. The pADB1 construct was digested with BamHI and the fragment encoding the repeated region was subcloned into pBluescript KS, followed by double digestion at the NheI site in the insert and at HindIII in the 3'-cloning site. The NheI-HindIII fragment was inserted into pMAL-p2 (NEB) digested with XbaI and HindIII.
Transient expression in onion epidermal cells
Transient expression of the GUS fusion genes in onion epidermal cells was achieved by transforming cells using a Biolistic PDS-1000/He particle gun (Bio-Rad, made by DuPont) as described previously (30) . After bombardment, cell layers were incubated for 24 h at 22°C under 16 h light/8 h dark on GM agar plates (31) . Cells were stained with 1 µg/ml of X-gluc in a solution containing 50 mM Na-phosphate (pH 7.0), 1 mM EDTA, 0.1% Triton X-100, 1 mM K-ferrocyanide and 1 mM K-ferricyanide. The cells were then immersed in 50 mM Na-phosphate (pH 7.0) containing 1 µg/ml of DAPI for 15 min. GUS staining of cells was observed by brightfield microscopy and DAPI staining of nuclei was observed by epifluorescence microscopy.
SDS-polyacrylamide gel electrophoresis (PAGE) and Southwestern blotting
Pelleted cells from 200 µl of cultured E.coli transformants (OD 600 = 1.0) were brought to a final volume of 20 µl in sample buffer [50 mM Tris-HCl (pH 6.8), 5% β-mercaptoethanol, 2% SDS, 0.1% bromophenol blue and 10% glycerol]. The sample solutions were boiled for 10 min and electrophoresed in a 12% polyacrylamide gel. Proteins were electroblotted onto nitrocellulose filters (S&S) and stained with Ponceau S (28). DNAbinding proteins bound to the filters were detected by Southwestern analysis as described above, except that 20 ng/ml of end-labeled DNA was used.
Gel filtration
The MBP fusion construct described above was expressed in E.coli and the product was purified using an amylose resin affinity column according to the manufacturer's instructions (NEB). The purified protein was loaded onto a Superdex 200 HR column (Pharmacia) in a buffer containing 50 mM Tris and 100 mM NaCl (pH 8.0). The column was run with an FPLC system at a flow rate of 0.4 ml/min and monitored with a UV detector. The molecular mass of the protein was estimated by comparison to the following standard proteins: rabbit myosin (210 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa) and bovine carbonic anhydrase (30 kDa).
RESULTS

Cloning of the DNA-binding protein gene
Expression screening of an Arabidopsis root cDNA library (8 × 10 5 p.f.u.) identified one clone capable of binding a promoter of the chloroplast gene psbA that encodes the D1 protein of the photosystem II reaction center. This clone was designated pADB1. The cloned cDNA contained 2847 nucleotides including a poly(A) sequence, but it was apparently not full length. Therefore, both the root cDNA library (4 × 10 5 p.f.u.) and a newly constructed leaf cDNA library (4 × 10 5 p.f.u.) were screened with the 5'-side NsiI-XhoI fragment from pADB1. We obtained one cDNA clone, pADB2, from the leaf cDNA library. Sequencing revealed that the pADB2 cDNA contains the upstream region of the pADB1 cDNA, but lacks the 3'-side region of the internal XhoI site of the pADB1 cDNA. This may have resulted from XhoI digestion of the cDNA mix during construction of the leaf library. The 5166 bp cDNA sequence of NIH was derived by combining the nucleotide sequences from pADB1 and pADB2 (Fig. 1) . The longest open reading frame (ORF) in the NIH cDNA encodes a protein of 1538 amino acids. Although no stop codon exists in the upstream region of this ORF, it is likely that the cloned cDNA contains a full-length NIH gene (discussed below).
NIH has structural features of the DEAH family of nucleic acid helicases
The deduced amino acid sequence from the NIH cDNA was subjected to a BLAST homology search. NIH has high scoring indices with five proteins: Arabidopsis putative nucleic acid helicase (HVT1) (7), human RNA helicase A (RNHA) (3), bovine nucleic acid helicase (NDH II) (5), Drosophila MALE-LESS (MLE) (6) and mouse RNA helicase A (4). These proteins belong to the DEAH family of DNA/RNA helicases and contain seven highly conserved domains: I, Ia, II, III, IV, V and VI (1,2). These conserved domains are located between residue positions 240 and 693 in NIH. This conserved region has 82% identity to HVT1 and 35-36% identity to RNHA, NDH II, MLE (Fig. 2) and mouse RNA helicase A. The overall sequence homology between NIH and HVT1 is 57%. Although these six proteins belong to the DEAH family, each contains the signature motif DEIH instead of DEAH in domain II.
The first amino acid of motif I is at position 240 in NIH and position 210 in HVT1 (Fig. 2) , indicating that the N-terminal region of NIH is nearly as long as that of HVT1. In addition, the first 75 amino acids of NIH are 61% identical and 76% similar to the first 79 amino acids of HVT1. Furthermore, mRNA for NIH was determined to be 5.3-5.4 kb in size by northern analysis (Fig. 4) . Taken together, it seems likely that the identified cDNA contains the full-length NIH gene. Comparing the N-terminal regions of the six proteins, it is apparent that the shorter N-terminal regions of plant helicases result from a lack of two dsRBDs that are conserved among the animal DEIH proteins (13, 22) .
In addition to the central region, NIH apparently contains three characteristic sequences in its C-terminal region whose amino acid sequences are completely different from HVT1 and the other animal DEIH proteins. The location of these regions is shown by a solid bar in Figure 1 , and the sequences are aligned in Figure 3 . The first functional sequence in NIH contains two sequences rich in basic amino acids, KQPEKKRSRSKK and KQPKKKRSRSKK, indicated by dotted lines in Figure 3 . We found that these 12-residue segments satisfy the rules defining a DNA recognition helix called a 'probe helix' (PH) (32) . In a PH, hydrophilic residues occur at position 2, and Arg/Lys residues occur at positions 7, 9, 11 and 12. The residues in these positions contact phosphates, whereas residues at positions 1, 4, 5 and 8 interact with DNA bases. The second characteristic sequence of NIH is the sequence PKKKKRKF found at the end of the C-terminal region. This region is very similar to the nuclear localization signal of the SV40 large T-antigen, PKKKRKV (33) . This result was surprising because NIH was originally identified by its ability to bind a chloroplast gene promoter. Most significantly, the third region of NIH comprises 11 imperfect amino acid repeats (GNM repeats), each consisting of 28 residues. No sequence homology has been found between the GNM repeats and any other protein. Rather than characterizing enzymatic properties, such as NTPase and helicase activities, it seemed more important to first analyze the significant sequences in the C-terminal region.
Copy number and expression of the NIH gene
The NIH gene was detected in total cellular DNA of Arabidopsis digested with BamHI, EcoRI or HindIII by Southern blot analysis using a 2.1-kb-labeled BamHI fragment from the C-terminal region of NIH. One copy of the gene is present in the haploid genome (Fig. 4) . In contrast, in Southern analysis of the Arabidopsis helicase HVT1, Wei et al. found two genomic DNA fragments that hybridized to a 603 bp HindIII fragment containing motifs I-III from HVT1 under low-stringency conditions (7). The 603 nucleotide sequence of HVT1 is 84% identical to the corresponding region (603 nucleotides) of NIH, indicating that one of the bands that hybridized to the HVT1 HindIII fragment was probably derived from NIH. Northern analysis showed a 5.3-5.4 kb mRNA for NIH from leaf poly(A) + RNA (lane 4 in Fig. 4 ).
The SV40-type NLS of NIH carries a GUS fusion product into the nucleus of onion cells
The functionality of the SV40-NLS-like sequence of NIH was tested by transient expression with GUS. We made a construct in which a 38 amino acid peptide containing the NLS-like sequence was fused with the C-terminus of GUS and placed under the control of the CaMV 35S promoter. The construct (GUS-NLS) and a construct with pBI221 containing GUS alone as negative control were introduced into onion epidermal cells by particle bombardment. Onion was chosen because it allows the easiest visualization of GUS activity. GUS activity was predominantly localized in nuclei ( Fig. 5c and d) . No staining was observed in nuclei of cells transfected with pBI221 encoding GUS alone (Fig. 5a and b) . Therefore, the SV40-type NLS of NIH was functional in onion cells, indicating that NIH is not a chloroplast protein, but a nuclear protein.
DNA-binding specificity and regions involved in binding
DNA-binding specificity of a partial NIH (pNIH) carried on pADB1 was investigated by Southwestern blotting using three species of end-labeled DNA: the 40 bp dsDNA of the psbA promoter, a 180 bp fragment of the multi-cloning site (MCS) amplified with an M13 universal primer set from pBluescript KS and a 160 bp BamHI fragment from pADB1. As shown in Figure 6B , pNIH bound strongly to the BamHI fragment (lane 3) and the MCS region (lane 4), but not to the psbA promoter sequence (lane 2). Therefore, DNA binding of pNIH is not psbA promoter-specific, but appears to be rather non-specific.
There are two sequences rich in basic amino acids in the repeated region of NIH that are similar to a PH (Fig. 3) . To evaluate the role of these two sequences in DNA binding, a series of truncated NIH cDNA was made (Fig. 6A) . These constructs were under the control of the lac promoter in E.coli, and their DNA-binding ability was analyzed by Southwestern blotting (Fig. 6C) . As expected, DNA-binding abilities were detected in polypeptides having these basic sequences (lanes 2-4). One or both of these sequences appear to be involved in DNA recognition. However, neither polypeptide having only one sequence showed DNA-binding ability (lanes 5 and 6) . This may be due to changes in the secondary structure of the polypeptides, or it may indicate that both sequences are required to bind DNA.
A fusion protein containing the NIH repeated region can form dimers
Molecular masses of the DNA-binding polypeptides were about two times greater than their predicted sizes (Fig. 6) . To investigate these unexpectedly large sizes, we constructed an E.coli expression vector in which the repeated region enclosed by the NheI and BamHI sites (corresponding to the truncated cDNA in Fig. 6C, lane 4) was fused with the C-terminus of the MBP. The fusion protein was produced in E.coli, purified by amylose affinity chromatography, and detected by staining with Coomassie Brilliant Blue (CBB) on an SDS-PAGE gel. The SDS-PAGE gel showed two major proteins, SP and LP (Fig. 7A) . The molecular mass of SP was 65 kDa, nearly its predicted size, but the molecular mass of LP was~110 kDa, nearly twice the size of SP. We determined that the N-terminal amino acid sequences of the two proteins were the same and were identical to the N-terminal sequence of MBP (data not shown). The large size of LP is unlikely to be an artifact of expression in E.coli, because the host strain HB101 can suppress amber mutations and the stop codon of the fusion gene was TGA. Furthermore, gel filtration of the MBP fusion protein yielded only one clear peak corresponding to a molecular weight of 120 kDa (Fig. 7C) . These results indicate that MBP-GNM-repeat fusion protein existed as oligomers with abundance as dimers in solution. Subsequently, we tested the DNA-binding capacities of the monomer and dimer by Southwestern analysis. We found that only the dimer (LP) could bind to DNA (lane 2, Fig. 7B ). Taken together, we concluded that the unexpectedly large polypeptides (Fig. 6) were dimers. Dimerization may play an important role in the DNA-binding function of NIH.
DISCUSSION
The NIH gene was originally cloned as pADB1 encoding half C-terminal polypeptide with specific binding to the promoter of the chloroplast genome-encoded gene psbA. However, this polypeptide did not show restrictive specificity to psbA promoter (Fig. 6) . The DNA-binding domain, PH, found in NIH has already been characterized as a domain binding to DNA less specifically depending on amino acid sequences (discussed below) (32) . Binding of pADB1-encoded peptide with the endlabeled monomer of psbA promoter generated a low signal as shown in lane 2 in Figure 6B , but the other longer DNA fragments, including concatemers of psbA promoter labeled by nicktranslation, strongly bound to the peptide (Fig. 6B, lanes 1, 3  and 4) . These results indicate that NIH binds to psbA promoter but with less specificity. The GUS-SV40-type NLS fusion localizes in the nucleus (Fig. 5) . We could not reveal the destination of the full-length polypeptide of NIH, since GUS fused to a huge polypeptide such as encoded in the 5 kb transcript did not generate a signal high enough for histochemical detection (data not shown). The localization of GUS-SV40-type NLS fusion in the nucleus, the lack of any sequences characteristic of signals for chloroplast or mitochondrion transport as analyzed by the program PSORT (http://www.imcb.osaka-u.ac.jp/nakai/ psort.html ), and the evidence that NIH encodes DNA and/or RNA helicase, strongly support the hypothesis that full-length NIH is localized and functions in the nucleus.
The 11 tandem GNM repeats comprised of 20-37 residues occurred at the C-terminal region of NIH. Another Arabidopsis helicase, HVT1, lacks such repeats (7) . All the animal DEIH proteins described above also have amino acid repeats at their C-terminal regions, but their repeat sequences are Gly-rich. For example, RNHA has 10 five-amino-acid repeats of GGYRG, NDH II has 16 eight-amino-acid repeats of GGG(G/D)(Y/V)-(G/S/V/R)GG, and MLE has nine seven-amino-acid tandem repeats of GGGYGNN. Considering the features of these repeats, it is likely that the GNM and Gly-rich repeats differ in function.
Recently, it has been reported that Gly-rich repeats can bind to ssDNA (13) . However, we propose that one function of the GNM repeat may involve dimerization. There is precedence for protein-protein interaction that is facilitated by amino acid repeats. The 33-amino-acid ankyrin repeat (34) is known to be involved in a wide range of protein-protein interactions (35) (36) (37) (38) (39) . For example, the function and nuclear import of transcription factor NF-κB is regulated by interaction with other proteins via ankyrin repeats. On the SDS-PAGE of the GNM fusion protein, both the 65 kDa monomer and the 110 kDa homodimer were clearly detected. We are uncertain why the dimeric form of our fusion protein containing the GNM repeats could not be completely separated into monomers, but this may result from interactions among the GNM repeats.
Dimeric and hexameric forms of other nucleic acid helicases have been reported (14) (15) (16) (17) (18) (19) . These oligomers are believed to provide the helicases with multiple nucleic acid binding sites necessary for helicase function. The active forms of many helicases are therefore thought to be oligomeric. It is likely that the active form of NIH is oligomeric for two reasons. First, Southwestern analysis using monomeric and dimeric forms of the fusion protein containing the GNM repeats showed that only the dimer could bind DNA, and all truncated NIH products that had DNA-binding ability were detected as putative dimers (Fig. 6C) . Second, NIH does not have extra dsRBDs which might facilitate activity of the monomeric form (22) . Taken together, these data show that the active form of NIH is probably a dimer like many other nucleic acid helicases. In contrast, RNHA and NDH II do have dsRBDs and are active as monomers (8, 9) . By analogy, the other animal DEIH proteins having dsRBDs are likely to function as monomers as well.
NIH contains two putative DNA-binding segments, each consisting of 12 amino acid residues. These constitute a PH segment which has been proposed to function as a DNA recognition helix by Suzuki (32, 40) . Many eukaryotic transcription factors, including the leucine zipper, homeo domain, helixturn/loop-helix, Ets and Myc, contain PH segments that recognize DNA. Our results show that a polypeptide containing six GNM repeats and two PH-type segments could bind DNA, probably as a dimer (Figs 6 and 7) . However, when this polypeptide was split between the PH-type segments, neither individual segment was able to bind DNA (Fig. 6) . We suggest that DNA binding is inhibited, not because two segments are necessary for DNA binding, but rather because the peptides are unable to dimerize due to a reduced number of GNM repeats.
Certain types of PH sequences in transcription factors can bind with specific DNA sequences. However, despite their homology to other helicases, DNA recognition by the PH-type segments of NIH appears to be non-specific. Suzuki has proposed that the first residue of the PH segment is especially important for sequence-specific recognition (32) . All PH-type segments that have been examined in transcription factors have an Ile, Val, Asn or His at position 1, while position 1 of both the PH-type segments from NIH contains a Lys residue that can theoretically bind to any bases. Therefore, the Lys residue at position 1 may prevent sequence-specific recognition.
With the exception of the Drosophila MLE, the biological roles of NIH, HVT1 and the animal DEIH proteins are unknown. MLE is essential for dosage compensation that is achieved by increasing the transcription activity of X-linked genes in males (6) . In addition, it has been demonstrated that the NTPase/helicase activities of MLE are essential for dosage compensation (10) . These observations suggest that MLE acts as a transcription activator (10) . The other animal helicases might also function as transcription activators. The only sequence that the plant helicase homologs NIH and HVT1 share with animal helicases occurs in their central region. Furthermore, the active form of NIH appears to be a dimer while the active form of animal helicases appears to be a monomer. It is therefore likely that the role of NIH differs from the role of the animal helicases. Transgenic Arabidopsis lines expressing antisense RNA for NIH did not show any significant phenotypic differences from wild-type plants under normal conditions (unpublished data). The phenotypes of a homozygous null mutant of the HVT1 gene, probably caused by T-DNA insertion, appeared normal under similar conditions (7) . These results may be due to functional compensation of NIH and HVT1 in these transgenic lines. In future work, these questions can be addressed by generating and analyzing double mutant lines of NIH and HVT1.
